The architecture of the pore-region of a voltage-gated K* channel, Kv1.3, was probed using four high affinity scorpion toxins as molecular calipers. We established the structural relatedness of these toxins by solving the structures of kaliotoxin and margatoxin and comparing them with the published structure of charybdotoxin; a homology model of noxiustoxin was then developed. Complementary mutagenesis of Kvl.3 and these toxins, combined with electrostatic compliance and thermodynamic mutant cycle analyses, allowed us to identify multiple toxin-channel interactions. Our analyses reveal the existence of a shallow vestibule at the external entrance to the pore. This vestibule is -28-32 A wide at its outer margin, -28-34 A wide at its base, and -4-8 A deep. The pore is 9-14 ~. wide at its external entrance and tapers to a width of 4-5 A at a depth of -5-7 A from the vestibule. This structural information should directly aid in developing topological models of the pores of related ion channels and facilitate therapeutic drug design.
Introduction
Voltage-gated potassium (K ÷) channels regulate diverse biological processes (Chandy and Gutman, 1995) . The P-region, a short stretch of amino acids located between the fifth and sixth transmembrane segments, is the primary determinant of ion selectivity and is also the target for many K ÷ channel blockers. Delineation of the spatial organization of the residues in the P-region would help define the structure of the pore and be valuable for understanding the mechanisms of ion permeation.
Scorpion toxins block K÷ channels with 1:1 stoichiometry (MacKinnon and Miller, 1988) and have previously been used as molecular probes to map residues in the P-region of the Shaker channel (Goldstein et al., 1994; Stocker and Miller, 1994; Hidalgo and MacKinnon, 1995) . Extensive mutagenesis of charybdotoxin (ChTX) revealed that residues clustered on the "undersurface" of the toxin are critical for binding to the channel pore (Goldstein et at., 1994) . Subsequent studies using a complementary mutagenesis strategy, coupled with quantitative methods such as electrostatic compliance (Stocker and Miller, 1994) and thermodynamic mutant cycle analysis , revealed single or dual pairs of interacting toxin-channel residues.
A detailed topological map of the P-region could be obtained by a process of triangulation if multiple toxin-channel pairs were defined. To achieve this goal, we studied a mammalian channel, Kvl.3, which is blocked at highaffinity by four related scorpion toxins. This channel regulates the membrane potential in T-lymphocytes (Lewis and Cahalan, 1995) , and Kvl.3 blockers, including scorpion toxins, suppress T-cell activation (DeCoursey et al., 1984; Price et al., 1989; Leonard et al., 1992; Lin et al., 1993) . To use these toxins as molecular calipers, we solved the structures of kaliotoxin (KTX) and margatoxin (MgTX), created a homology model of noxiustoxin (NTX), and used the published structure of ChTX (Bontems, et al. 1992) . Using these toxins as structural templates and applying quantitative methods to determine the spatial proximity of particular toxin and channel residues, we were able to define the geometry of a shallow vestibule at the external entrance to the pore. This information places substantial spatial constraints on any model of the P-region of voltagegated K ÷ channels.
Results

Use of Multiple Toxins as Molecular Probes of the Channel Vestibule
The sequence of the P-region and flanking regions of the Kv1.3 channel is shown in Figure 1A . In earlier studies, we demonstrated that ChTX, KTX, MgTX, and NTX are potent blockers of Kvl.3 (Grissmer et al., 1990 (Grissmer et al., , 1994 . These four toxins contain 37-39 amino acids and share three disulfide bonds (Figure 1 B) that constrain backbone movement, thereby minimizing structural perturbations upon binding to the channel. Flexibility of the side chains may, however, contribute some degrees of freedom to toxin-channel interaction. A fundamental assumption underlying our studies is that the four toxins bind to Kv1.3 with a similar geometry, an assumption supported by their high degree of similarity in sequence (Figure 1 B) and tertiary folds (discussed below).
Many P-region residues in Kv1.3 were mutated and examined for their effect on block by toxins (Table 1) . Three residues were chosen for more detailed study (H404, D386, G380) , since mutations at these positions altered Kvl.3's sensitivity to the toxins (Table 1) . Our approach was to identify channel mutants that differentially affected block by the four toxins, then, by comparing the toxin structures, to identify unique residues that might be responsible for these differences. Complementary mutagenesis of the identified toxin residue (Goldstein et al., 1994) , coupled with electrostatic compliance (Stocker and Miller, 1994) and mutant cycle analyses , served to confirm specific predicted interactions and yielded estimates of the distance between the interacting residues. The tertiary structures of ChTX (Bontems et al., 1992) and MgTX (Johnson et al., 1994) have been determined by nuclear magnetic resonance (NMR); since the atomic coordinates of MgTX have not been released from the Protein Data Base, we had to independently determine its structure for the purpose of using it as a molecular template. When these experiments were initiated, the structures of KTX and NTX remained to be determined; we therefore solved the structure of KTX and developed a homology model of NTX based on the closely related MgTX.
Solution Structure of KTX
The secondary structure of KTX was obtained by shortand medium-range nuclear Overhauser effects (NOEs; Figure 2A ) and by 3J(HN-H~) coupling constants. Two strands of the antiparalle113 sheet contain residues F25-C28 (strand 2) and C33-T36 (strand 3) with a reverse turn at residues M29-K32 ( Figure 2B ). A third 13 strand at the N-terminus consists of residues V2-C8 (strand 1). Residues V2-14 make standard I~-sheet contacts with H34-C35 followed by a 13 bulge involving residues N5 and V6.
Standard antiparalle113-sheet NOEs are observed for K7
and C8 with K32. An (z helix that connects 13 strands I and 2 involves residues P12-A21. The tertiary structure of KTX ( Figure 3A ) contains a three-stranded anti-parallel 13 sheet with the a helix lying across strands 2 and 3. This orientation is restrained by two disulfide bonds involving residues C14 and C18 in the helix with C33 and C35, respectively, in strand 3 of the 13 sheet. The loop including residues G22-M23-R24 connects the a helix to strand 2. The putative sites of interaction for the toxin and the channel involve many of the solvent-exposed side chains of the 13 sheet residues that are oriented opposite to those contacting the helix as well as the loop residue R24. In the calculated structures, the reverse turn between strands 2 and 3, involving residues M29-K32, can assume two conformations: a Type II and a nonideal Type I turn. A value of 6.6 Hz was obtained for the 3J(HN-H~) coupling constant for residue 3 (R31) of the turn. This coupling constant is not indicative of either a true Type I or Type II turn (W0thrich, 1986) and may indicate conformational averaging in solution (Johnson et al., 1994) . The tertiary fold of KTX is identical to those of homologous scorpion toxins including ChTX (Bontems et al., 1992) , iberiotoxin (Johnson et al., 1992) , MgTX (Johnson et al., 1994) , and agitoxin 2 (AgTX2; Krezel et al., 1995) . However, a significantly altered tertiary fold has recently been reported for a truncated KTX molecule (Fernandez et al., 1994) . Although we have no satisfactory explanation for this difference, the absence of the C-terminal lysine and differences in sample pH and ionic strength might contribute to these conflicting structures.
Solution
Structure of MgTX
The secondary structure of MgTX is similar to that of KTX and has been determined by the NOEs shown in Figure 2C and by 3J(HN-Ha) coupling constraints. A three-stranded antiparallel [3 sheet involving residues G26-C29 (strand 2) and C34-Y37 (strand 3) is connected by aType I reverse turn formed by residues M30-K33 (see Figure 2D ). Although strand 1 at the N-terminus is less well defined in MgTX than in KTX, several standard NOEs are observed for 12-13 to K35-C36. A similar 13 bulge is observed for residues N4 and V5 followed by standard NOEs for K6 and C7 to K33 (see Figure 2D ). The 13 bulge observed in strand 1 at the N-terminus in MgTX and KTX has also been observed in AgTX2 (Krezel et al., 1995) . An a helix is formed for residues K11-Q20 and includes a P-P sequence at positions 15 and 16. A final ensemble of 14 tertiary structures of MgTX shown in Figure 3B is of similar quality to that of KTX, with an average of 2. Figure 3B ) is identical to the structure reported by Johnson et al. (1994) and very similar to that of KTX ( Figure 3A ), e x c e p t in the loop connecting the a helix to strand 2 of the 13 sheet (see below).
Comparison of Toxin Structures
An overlap of the NMR-derived backbone structures of KTX, MgTX, and ChTX illustrates the close similarity Note that the scales for Kv1.3 and H404T are markedly different, reflecting the increased sensitivity of the mutant channel to ChTX block (see Table 1 among their tertiary folds ( Figure 3C ). This similarity, together with the high degree of sequence identity between NTX and MgTX, strongly suggests that NTX also shares a similar tertiary fold, as seen in the homology model of NTX (based on MgTX; see Figure 3C and Experimental Procedures).
The difference between MgTX and KTX noted above ( Figure 3C ) can be seen on the left side of this superposition, by comparing the loop region of KTX (white) with that of MgTX (green). This loop connecting the a helix to strand 2 of the 13 sheet is extended by two residues in MgTX (F21 -G22-Q23-S24-A25). It is relatively well defined and oriented toward the helix, as determined by NOEs between K18 and residues G22, Q23, and A25. The homologous loop in KTX consists of residues G22-M23-R24, with R24 of KTX in a position similar to A25 of MgTX. Guy and Durrell (1994) , is positioned at the outer entrance to the channel pore. Protonation of H404 might therefore electrostatically repel any positively charged toxin residues in its vicinity. We tested this possibility by examining the pH-dependence of toxin block (Figures 4A and 4B) . A change in pH from 7.6 to 6.0 diminished Kv1.3's sensitivity to block by ChTX -100-fold, by KTX -40-fold, and by MgTX and NTX by only -10-fold. Replacement of H404 with threonine abolished the pH-dependent effect on block by all four toxins (Figures 4A and 4B) , indicating that H404 is most likely the only titratable residue, in either the channel or these toxins, that affects toxin block. The enhanced pHsensitivity of ChTX, relative to MgTX and NTX, could be explained by electrostatic repulsion by protonated H404 of a positively charged residue that is present on the undersurface of ChTX but not MgTX or NTX. Pairwise comparisons of the NMR-derived structures of these toxins revealed ChTX-R25 as the only candidate residue; Figure 3D shows a superposition of ChTX-R25 on the MgTX structure.
H404 in
An estimate of the distance between R25 and H404 was obtained by a generalization of the electrostatic compliance method of Stocker and Miller, 1994 (see equations 1 and 2 in Experimental Procedures). As the pH is varied from 6.8 to 6.0, the Kd of channel block by ChTX and ChTX-R25D decreases, but the least square slopes are not appreciably different at 25 mM versus 100 mM ionic strength ( Figure 4C ). Such behavior would be expected if R25 and H404 sense each other electrostatically and are within one Debye length of each other. Figure 4D plots the charge-pair separation in angstroms (rilj in equation 1) versus the electrostatic compliance, G0,j). The experi-mental (horizontal lines) and theoretical (curves; calculated from equation 1) compliance curves intersect at ri,j values of -5.5-6.0 A.
Thermodynamic mutant cycle analysis was used (see equations 3-5 in Experimental Procedures) as an independent tool to gauge the distance between R25 and H404. The ~ value for the pair ChTX-R25D:Kv1.3 [pH 6.8 to pH 6.0] is 11, corresponding to a coupling energy of 5.9 x 103 joules per mole and an R25:H404 separation of -2.5 A. Thus, both quantitative methods indicate that ChTX-R25 lies in close proximity (2.4-6 A) to H404. KTX.R24 is 5.3-8.5 A from H404 Protonation of H404 reduced KTX potency, but to a lesser extent than ChTX ( Figure 4B ). This could be explained by the presence of a positively charged residue on the undersurface of KTX, absent in NTX and MgTX, which is in the vicinity of H404, but not as close as R25 in ChTX.
Comparison of the NMR structures of KTX and MgTX points to R24 as the only unique basic residue in this region (see Figure 3D ).
Protonation of H404 was associated with a reduction in the Kd for KTX and the KTX-R24D mutant, but the slopes were similar at 25 mM and 100 mM ionic strengths ( Figure  4E ), suggesting that R24 and H404 interact electrostatically and are close together. The experimental o(i,j) values determined from the data in Figure 4E intersect the theoretical compliance values with ri.j in the range of 7-8.5 A ( Figure 4F ). This estimate agrees with mutant cycle analyses that places the two residues -5.3 A apart (= 2.5 and coupling energy of 2 x 103 joules per mole for the pair KTX-R24D:Kv1.3 [pH 6.8 to pH 6.0]). H404 in Kvl.3 Is Close to F25 in KTX A comparison of the backbone structures of ChTX and KTX shows that R25 in ChTX and F25 in KTX are both positioned at the beginning of the ~ sheet and are very close in the overlapped structures (see Figure 3E , inset). If R25 in ChTX is -2.4-6 A from H404, as the protonation data suggest, then F25 in K'I'X must also be in the vicinity of this channel residue. KTX might therefore be expected to block Kv1.3 more potently if an aromatic residue were placed at position 404 in the channel (e.g., H404Y), owing to an aromatic-aromatic interaction. Such short range interactions between aromatic residues are known to occur in the hydrophobic core of many proteins, to have typical coupling energies of 1-2 kcals per mole, and to be the result of quadrupole electrostatics and hydrophobic packing that decrease as 1/r s Petsko, 1985, 1989) . Such an interaction should not be seen if H404 were replaced with a nonaromatic residue, nor would the H404Y substitution be expected to enhance the channel's sensitivity to ChTX, which has a nonaromatic residue (R25) at the homologous position. Consistent with our expectation, Kvl.3's sensitivity to KTX is enhanced -7-fold by the H404Y mutation, while the five other nonaromatic substitutions at this position either decrease or do not alter potency (see Table 1 ). Also as predicted, the H404Y mutation did not appreciably alter block by ChTX, but increased -10-fold the sensitivity to a ChTX-KTX chimera (see Figure 1 B) containing residues 21-25 (AGMRF) from KTX in place of the corresponding ChTX loop (see Table 1 ); this result can be explained by an aromatic-aromatic interaction between Kv1.3-H404Y and F25 in the chimera. Collectively, these results support the conclusion that F25 in K'rX, like R25 in ChTX, is positioned close to H404 in Kvl.3.
D386 in Kvl.3 Interacts with R24 in KTX
Neutralization of D386 (D386N) caused a 100-fold reduction in the sensitivity of Kv1.3 to inhibition by KTX, but had little effect on ChTX or NTX ( Figure 5A ; see Table 1 ). This dramatic change in potency is consistent with the presence of a positively charged residue on the undersurface of KTX, but not ChTX, which is located near D386. Comparison of the NMR structures of ChTX and KTX reveals R24 as the only positively charged residue unique to KTX in this region (see Figure 3E ). This residue is located in the loop connecting the cz helix and 13 sheet in the toxin, which is one residue shorter and has a different shape than the corresponding region in ChTX (see Figure 3E , inset). If R24 in KTX interacts with D386, then introduction of arginine at the homologous position in Ch'I'X should enable this toxin to interact with D386. Due to the known structural differences in the loop region of KTX and ChTX, point mutations could not be used to demonstrate the R24: D386 interaction. We therefore replaced the entire sixresidue loop in ChTX with the five-residue loop (AGMRF) from KTX (see Figure 1B) , in the expectation of conferring on ChTX the ability to interact with D386. As seen in Figure  5A , the ChTX-KTX loop chimera behaves very much like K'I'X. Since R24 is the only positively charged residue in the transferred loop, these data are consistent with the existence of an interaction between KTX-R24 and D386 in Kv1.3.
D386 and R24 Interact Electrostatically and Are within 3-4 J{ of Each Other
As the charge at position 386 is changed from negative to positive (D---N---K), the blocking affinity of K'I'X and the KTX-R24D mutant decreases, but the least square slopes are remarkably similar at 25 and 100 mM ionic strengths ( Figure 5B ). This indicates that R24 and D386 participate in a close range electrostatic interaction. An estimate of the distance between R24 and D386 was obtained by electrostatic compliance. Figure 5C plots the charge-pair separation in A versus a(i,j); the experimental (horizontal lines) and theoretical (curved lines) compliance values intersect at r~.j values of 3.5-4.0 A. Thermodynamic mutant cycle analysis gave similar results. An value of 1287 was obtained for the pair D386K:R24D, corresponding to a coupling energy of 17 x 103 joules and a charge-pair separation of 3.5 A. Collectively, data from both quantitative methods strongly suggest that D386 interacts intimately with KTX-R24.
Replacement of D386 with the longer glutamate (the E side chain is -2 ,&, longer than D when measured from C, to the terminal oxygen) might be expected to hinder the formation of a salt bridge and render the channel less sensitive to KTX, but not to ChTX. Consistent with this expectation, the D386E mutation showed a small but re- producible reduction (3.5-fold) in the channel's sensitivity to block by KTX and the ChTX-KTX 10o p mutant (which contains R24), but had no effect on block by ChTX ( Figure   5D ). A similar reduction in toxin block of Shaker was observed with the homologous D431E mutation (MacKinnon et al., 1990) . In summary, KTX-R24 is 3-4 A from the N-terminal end of the P-region (D386) and slightly more distant (5.3-8 A) from the C-terminal end (H404). KTX-F25 and ChTX-R25, residues positioned close to H404 (3-6 A), might therefore be expected to lie about 6-8 A from D386. Ch TX.R25 Is in the Vicinity of D386 Although the D386N mutation had only a small effect on ChTX potency, replacing this residue with positively charge lysine (D386K) resulted in a channel with -360-fold lower ChTX sensitivi[y ( Figure 5A ). This result could be explained by the presence of a unique basic residue in ChTX that does not interact directly with D386, but is sufficiently close to be electrostatically repelled by a lysine at that channel position. R25, the only unique positive charge on the undersurface of ChTX, lies about 6-8 A from D386 (discussed in previous paragraph) and would be close enough to be repelled by D386K, but would not be affected by the D386N mutation.
G380 Is Close to W14 and K31 in ChTX, and L15 and R31 in KTX
The Shaker model of Guy and Durrell (1994) has G380 lying at the outer margin of the external vestibule. Based on a single mutation of the homologous residue in Shaker, F425G, Goldstein et al. (1994) suggested that ChTX block of this channel might depend on the size of the amino acid at this position. To test this prediction, we examined the effect of eight residues at position 380 in Kvl.3 on toxin block.
Kvl.3's sensitivity to toxin block progressively decreased as the size of the residue at position 380 increased ( Figure 6 ). This sensitivity was appreciably greater for ChTX and KTX relative to NTX and MgTX ( Figure 6 ). A size change from 60 to 138 ,~3 (G380E) rendered the channel resistant to KTX, whereas a change to 144 A 3 (G380V) made it insensitive to ChTX. A more substantial increase in size (G380F, 190 A 3) was needed to confer resistance to MgTX and NTX. This result suggests that a relevant dimension in KTX and ChTX is larger (perhaps owing to the presence of bulky residues) than in the other two toxins. We searched for such bulky residues by pairwise comparisons of the structures of ChTX and KTX versus MgTX and NTX. As shown in the comparison of ChTX and MgTX structures (see Figure 3F ), three bulky residues (W14, R25, and K31) are present in ChTX but not in MgTX, and the distance between the farthest residues (positions 14 and 31) is greater in ChTX than in MgTX (Figure 6 , legend). Similar comparisons identified KTX positions L15 and R31 as possible bulky residues that may contribute to the larger dimension of KTX over MgTX and NTX (Figure 6 , legend). Shrinking this dimension in ChTX and KTX, by replacement of the bulky residues with the corresponding smaller residues of NTX, might reduce the size dependence of their block and shift the curve to the right. As seen in the inset in Figure 6 , double mutants of both ChTX-(W14S + K31G) and KTX-(L15S + R31G) were markedly less affected by size changes at position 380 than the wild-type (WT) toxins; a size change from G to E diminished sensitivity to KTX-(L15S + R31G) only 30-fold while changing the K~ for WT KTX -600-fold. Similarly, a size change from G to Q caused only a 15-fold change in K~ for the "shrunken" mutant ChTX-(W14S + K31G), while the channel's sensitivity to WT ChTX decreased -lO00-fold. These results support the idea that residues 14/15 and 31/32 are each close to opposing G380 residues in the channel tetramer. (19-20 A) . We used the average of the longest and shortest distances between the heavy atoms of these residues. Inset, comparison of block of WT and mutant (G380E, G380Q) Kv1.3 channels by KTX, KTX L15S + R31G, ChTX, and ChTX W14S + K31G.
Substitutions at Position 27 in KTX: Interactions with the Channel Pore
Lysine 27, a residue conserved in all scorpion toxins, is critical for blockade of the Shaker and calcium-activated "maxi" K +chan nels and is thought to interact with a residue in the pore (Park and Miller, 1992; Goldstein and Miller, 1993; Stampe et al., 1994) . To study this interaction further, we made several substitutions at position 27 in KTX and determined their effects on blocking affinities.
Neutralization of K27 Reduces Toxin Potency
Replacement of K27 with asparagine or with the nonnatural neutral amino acid norleucine (which resembles lysine but lacks the terminal amine) reduced toxin potency 300-fold (Table 2 ). This demonstrates the importance of the terminal amine at position 27 and suggests that this residue may interact directly or through space with negatively charged residues in the pore (e.g., the cluster of four D402s).
Replacement of K27 with Positively Charged Residues of Varying Length and Bulk
Replacement of K27 with nonnatural lysine analogues of varying lengths made little or no change in toxin potency ( Table 2 ), indicating that their terminal amino groups, extending 2.2-7.9 A from C,,, are all suitably positioned to interact with the target residue(s) in the pore. One possible explanation for this result is that the terminal amines in these lysine analogues interact with a diffuse column of charge in the pore that might be generated by the asymmetric positioning of the four D402 side chains. Such asymmetry has been suggested for the four glutamates at the homologous position in the calcium channel . Alternatively, the four D402 side chains may move in concert, depending on the position of the terminal amine at toxin position 27. A third possibility is that the shorter K27 analogues interact with channel residues other than D402.
Substitution of arginine and p-aminophenylalanine at position 27, significantly reduced toxin potency ( Table 2) . The guanido group in arginine and the aromatic group in p-aminophenylalanine, both positioned -6.9-7.3 A from C,, may be too bulky ( -4.2 ,~,, compared with -1.7 A for an amino group), to protrude into this narrowed part of the pore.
Estimated Dimensions of the Vestibule
Nine pairs of toxin-channel interactions at three channel positions have been identified (KTX-Kvl.3: R24-D386, R24-H404, F25-H404, R31-G380, L15-G380, K27-undetermined pore residue; ChTX-Kv1.3: R25-H404, W14-G380, K31-G380). Knowing the spatial relationships between these toxin residues, we have developed a topological map of the P-region. We have assumed that Kv1.3 forms a homotetramer with 4-fold symmetry and that toxin residue K27 projects into the center of the pore.
As illustrated by the schematic in Figure 7 , our model places H404 (at the C-terminal end of the P-region) 4.5-7 A from the central axis of the pore (or 9-14 ,~ from the H404 on the opposing subunit) based on the C, to C° distance between K27 and either R25 in ChTX ( -4.5 A) or F25 in KTX ( -7 A). Consistent with this picture, tetraethylammonium, a K ÷ channel blocker that interacts with all four residues at this position (Kavanaugh et al., 1992) , is -9 A wide, as is a hydrated K + ion (8-9 A; Hille et al., 1993) . D386, at the N-terminal end of the P-region, is -1 4 -1 7 A from the center of the pore, based on the distance from the C,, of K27 and the farthest-reaching position of R24 in KTX; this would place D386 residues of opposing subunits 28-34 A apart (Figure 7) . D386 is 7-12 A from H404, the lower limit being the distance between KTX-R24 and H404 (7-8 A), and the upper limit being the sum of the distances between KTX-R24 and D386 (3-4 A), and KTX-R24 and H404 (7-8 A).
The outer mouth of the vestibule in the homotetramer is defined by the positions of the G380s in the tetramer. The distance between opposing G380 residues is estimated to be 28-32 A (Figure 7 ) based on the distance between residues 14/15 and 31 in ChTX and KTX, corrected for the additional space of two Gin side chains ( -4 A per side chain difference between Q and G based on 
I
NHj + p-amino-phenylalanine CH2-Ph-NHJ 6.9 >100
Numbers represent Kd for channel block (nM) ± SD; n = 3-5. WT and mutant KTX peptides used in these experiments were synthesized (see Experimental Procedures). Note that this synthetic KTX is -3-fold more potent in blocking Kvl.3 than commercial KTX (see Table 1 ).
2.0 ± .9o data in Figure 6 , where replacing G380 with Q converts a channel that is sensitive to KTX and ChTX to one that is resistant). The vertical depth of the vestibule is estimated to be -4 -8 A (Figure 7) , based on the distance between the C,, position of K31 in ChTX and a plane formed by the more distal carbon atoms of the side chains in R25 and M29, and the oxygen of Y36. The ion conduction pathway narrows to <4.2 A at a distance of about 5-7 ,& from the vestibule, based on the width of the terminal moieties in K27R and K27-p-aminophenylalanine (which block very poorly), and their distance from the toxin backbone (see Table 2 ).
Developing a Model of the Kvl.3 Vestibule: Docking Toxins
Using the estimated dimensions of the vestibule as constraints, we constructed a model of the Kv1.3 pore (modified from the Shaker model of Guy and Durrell, 1994) and have docked KTX and ChTX into the vestibule to identify new potential toxin-channel interactions and confirm the feasibility of experimentally determined ones (see Figures  3(3 and 3H) .
KTX Docking
Docking of KTX was achieved by guiding K27 into the center of the channel pore, then rotating the toxin about the central pore axis until R24 was aligned with D386 (see Figure 3G ). Consistent with our experimental data (see Figure 4) , this configuration places F25 near H404. The three remaining H404s in the tetramer are close to toxin residues G10, M29, and T36. This docking configuration also places N30 and R31 close to D386 in the subunit opposite to that interacting with R24. In support of our model, R31 in AgTX2 has been experimentally demonstrated to be 3 -4 A from D431 in Shaker, the homologous residue to D386 . Also in keeping with this positioning, the N30D ChTX mutation abrogates the toxin's ability to block K v l . 3 (data not shown), possibly via electrostatic repulsion of D386. Similar results have been obtained with N30D and N30E ChTX mutants on the Shaker channel (Goldstein et al., 1994) .
Ch TX Docking
ChTX was docked into Kv1.3 by guiding K27 into the center of the pore, then rotating the toxin about the central axis until W14 and K31 projected toward G380 residues in opposing subunits ( Figure 3H ). This configuration places T8 adjacent to a third G380 in the homotetramer. Consistent with this picture, Goldstein et al. (1994) reported that T8 in ChTX is close to the Shaker residue homologous to G380, namely F425.
In summary, our Kv1.3 model is supported by considerable experimental data. The new interactions identified by the docking experiments will guide further studies to map the vestibule.
Discussion
The P-region forms a substantial part of the ion conduction pathway. We have used four scorpion toxins as structural probes, and analyzed nine toxin-channel interactions involving three channel positions; the data we have thus obtained support the existence of a shallow vestibule at the external entrance to the pore that is formed by residues within and around the P-region. Our topological map of this region places substantial spatial constraints on models of the P-regions of evolutionarily related ion channels.
We have compared our model of Kv1.3 with that of the Shaker vestibule, which has previously been mapped using ChTX and AgTX2 as molecular calipers. Our estimate of the width of the base of the Kv1.3 vestibule (28-34 A) is consistent with a recent study that determined the base of the Shaker vestibule to be 22-30 A wide . Based on the proximity of F425 in Shaker (homologous to G380 in Kv1.3) and T8/T9 in ChTX, the vertical depth of the Shaker vestibule was estimated to be about 12 A, and the outer margin of the vestibule was suggested to lie -13-15 ~, radially from the central axis of the pore (Goldstein et al., 1994) . The Kv1.3 vestibule is shallower (4-8 A), but the width of the outer margin of the Kvl.3 vestibule, the distance between G380s in opposite subunits, is 28-32 A, very similar to the Shaker estimate. We also determined three vestibular dimensions for which there are no existing estimates. The N-and C-terminal residues of the P-region (D386 and H404) and the center of the entrance to the pore form a triangle lying in the plane of the base of the vestibule; D386 is 7-12 A from H404 and 14-17 A from the central pore axis, whereas H404 is 4.5-7 A from the center. The external entrance to the pore, limited by the four H404s in the tetramar, is 9-14 A across. The ion conduction pathway narrows to 4-5 A at a depth of 5-7 ,~ from the vestibule, although the precise residues that delineate this region remain undetermined. The values we report are consistent with the dimensions of the vestibule in the computational model of Kv2.1 proposed by Lipkind et al. (1995) .
It is important to recognize that more or less subtle differences may exist among the topologies of the vestibules of Kvl.3 and related channels. For example, K427 in Shaker has been estimated to be -5 A from K11 in ChTX, and neutralization of this residue (K427N) greatly increases the channel's sensitivity to toxin block (Stocker and Miller, 1994) . In contrast, placement of a positive charge at the homologous position in Kv1.3 (N382K) produces no appreciable change in sensitivity to toxin block (see Table 1 ), indicating that positively charged toxin residues are not in close proximity to channel residue 382. In a second example, the G380H mutation renders Kv1.3 resistant to KTX (Kd > 1000 nM; see Table 1 ), whereas Kvl.1, which has a histidine at the homologous position, is effectively blocked by this toxin (Kd = 40 nM; Grissmer et al., 1994) . Lastly, the G380Q mutation makes Kvl.3 resistant to ChTX (see Figure 6 ), while the ChTX-sensitive Kv1.2 (Ko = 14 nM; Grissmer et al., 1994) has a glutamine at the homologous position (Chandy and Gutman, 1995) . Despite these differences, topological information about the Kv1.3 vestibule should aid in developing similar models for closely related voltage-gated and calcium-activated K + channels, and possibly also the more distantly related voltage-dependent sodium and calcium channels. Such models could enhance our understanding of ion permeation and guide the development of novel, selective, and therapeutically useful ion channel modulating agents that bind in the channel vestibule. More specifically, it might now be possible to design new immunosuppressive agents that selectively block Kv1.3 in T-cells with the high affinity characteristic of toxin binding.
Experimental Procedures
Generation of Toxin and Their Mutants
MgTX, KTX, and KTX-mutants were synthesized and folded using standard protocols (Fields et al., 1991 ; Garcia-Calvo et al., 1993; Bednarek et al., 1994) , purified to homogeneity using reverse phase HPLC (Vydac C18 columns, water/acetonitrile gradient), and shown to exhibit the expected mass by electrospray mass spectrometry. The peptide content of HPLC eluar~ts was measured by amino acid analysis (University of Michigan Protein and Carbohydrate Structure Facility, Ann Arbor, MI, and Harvard Microchemistry Facility, Cambridge, MA). Folded toxins were aliquoted and stored at -70°C. A detailed protocol will be made available upon request from the authors (gchandy@u-ci.edu or gagutman@uci.edu). ChTX and KTX were also purchased from Peptides I nte rnational (Louisville, KY); NTX was a gift from Robert Slaughter and Maria Garcia (Merck, Sharpe and Dohme, Rahway, N J).
The ChTX-KTX loop chimera (ChTX residues 20-25 replaced with KTX residues 21-25) and the ChTX-W14S + K31G mutant were generated by recombinant methods (Park et al., 1991) . A detailed protocol will be made available upon request (jaiyar@uci.edu). The ChTX mutants K31Q, K27N, and K27R were gifts from C. Miller, Brandeis University, Waltham, MA. All toxins were prepared in N D96 solutions (pH 7.6) containing 0.1% bovine serum albumin.
Nuclear Magnetic Resonance
All NMR experiments for KTX and MgTX were performed on 1.5-2.0 mM protein samples in 50 mM deuterated acetate buffer (pH 5.5) in 90o/o H20, 10% D20 or 100% D20. Sequence-specific 1H assignments were obtained by total correlated spectroscopy (Braunschweiler and Ernst, 1983) , NOE spectroscopy (Kumar et al, 1980) , and DQFCOSY (Rance et al., 1983) techniques. Experiments were carried out on a Bruker AMX600 at 15°C and 25°C. Total correlated spectra were obtained using the DIPSI II spin locking sequence (Shaka et al., 1988) and a mixing time of 75 ms. NOE spectra were acquired at mixing times of 50, 100, 150, and 200 ms. Data processed on a Silicon Graphics Indigo using Felix Software (BIOSYM Technologies, San Diego, CA) were analyzed using EASY (Eccles et al., 1991) . KTX and MgTX structures were calculated by distance geometry methods and refined by simulated annealing and conjugate gradient minimization techniques using DGII (BIOSYM Technologies) and an additional 100 steps of steepest descent and 200 steps of conjugate gradient energy minimization using the CFF91 force field in INSIGHTII (BIOSYM Technologies, San Diego, CA). Structures were subjected to an additional 200 steps of steepest descent and -700 steps of conjugate gradient energy minimization using the AM BE R force field in the Sander module in AMBER Version 4.0 (Pearlman et al., 1992 ). An ensemble of structures was created using the multiple structural overlap algorithm (Diamond, 1992) . KTX The tertiary structure of KTX was determined with a total of 234 interproton distance restraints consisting of 16 intraresidue, 115 sequential, 17 (i,i + 2), 12 (i,i + 3), 4 (i,i + 4), and 70 long-range NOEs obtained from NOE spectroscopy experiments at 15°C and 25°C and a mixing time of 150 ms. Stereospecific assignments of 6-methylene protons and the dihedral angle, Z', were obtained for 12 residues. Dihedral angle restraints for e were determined for 29 residues. Six H-bonding restraints were included based upon typical NOE patterns identified for the antiparallel 6 sheet. Disulfide bonds between C8-C28, C14-C33, and C18-C35 were included in the calculations as covalent bonds.
Mg TX
The tertiary structure of MgTX was determined with a total of 293 intarproton distance restraints consisting of 10 intraresidue, 140 sequential, 20 (i,i + 2), 27 (i,i + 3), 14 (i, i + 4), and 92 long range NOEs (see discussion of KTX, above). Stereospecific assignments of ~,-methylene protons and X ~ were obtained for 7 residues, and dihedral angle restraints for ~ were determined for 30 residues. Four H-bonding restraints and disulfide bonds between C7-C29, C13-C34, and C17-C36 were included in the calculations as covalent bonds (see discussion above).
Generation of Kvl.3 Mutants and Their Biophysical Characterization
Generating Mutants
Kv1.3 mutants were generated with a two-step PCR method (Hoet al., 1989) . G380T, G380E, and G380Q were gifts from R. Swanson (Merck, Sharpe and Dohme, West Point, PA). cRNA was transcribed in vitro (Stratagene, La Jolla, CA) and injected into oocytes (Xenopus laevis purchased from NASCO, Fort Atkinson, WI) as described previously (Soreq and Seidman, 1992) . K + currents were measured at room temperature using the two-electrode voltage-clamp technique (Soreq and Seidman, 1992) , and data were analyzed using pClamp software (version 5.5.1, Axon Instruments, Burlingame, CA). Whole oocytes were held at -100 mV and depolarized to +40 mV over 500 ms; time between pulses was 30 s. Capacitative and leak currents were subtracted prior to analysis using the P/4 procedure. The dissociation constant was calculated assuming a 1:1 binding of toxin to Kv1.3; Kd = concentration of toxin/([1/fraction of unblocked current]-1) (Grissmer etal., 1990) .
Electrostatic Compliance Measurement of Distance between D386 and R24
Electrostatic compliance, a measure of the strength of the chargecharge interaction between two specific residues, was calculated from the slopes of the two curves for a given set of toxin-channel mutants at 100 and 25 mM salt (Stocker and Miller, 1994) . The theoretical form of the electrostatic compliance is given by: o(i,j) el(In Kd) e2 exp(r,/XD) (1) aqch~lq~o, kT4~SoDyr, j where r,~ is the separation between toxin and channel charges, e is electronic charge, k is the Boltzmann constant, so is permitivity of free space, D is the dielectric constant, and ¥ is a geometric factor that takes into account the electrostatics of the dielectric interface between water and protein (taken as 0.8). Separation between interacting charges was estimated by solving equation 1 for r,j graphically. We used a value of 80 for the dielectric constant for two reasons. First, bulk water parameters (Honig etal., 1993) were used to estimate distance between a residue deep in the Shaker vestibule (D431) and R24 in AgTX2 . Second, the vestibule has 4-fold symmetry and the toxin has no rotational symmetry. The toxin volume must therefore be considerably less than that of the vestibule, leaving room for water and electrolytes between toxin and channel. Thus, the relevant dielectric constant may be close to that of bulk water, even deep in the vestibule.
Electrostatic Compliance Measurement of Distance between H404:Ch TX.R25 and KTX.R24
We generalized the electrostatic compliance method to include charge changes induced by pH titration. To obtain an experimental value of o(i,j), we calculated the change of In Kd for a given change in channel charge, for both ChTX and ChTX-R25D. We assume that the partial charge on Kv1.3's H404 residue is described by equation 2:
where Kd is the dissociation constant, and [H +] is the proton concentration. The derivative of pH with respect to charge, l//q,~, In(10)j, was multiplied by the least square slopes, ~ In K~/~pH (obtained experimentally), to give the term a(In K~)/Oq,is, where qhi, is the partial charge on the histidine (in units of electronic charge) and varies from 0 to +1. The o(i,j) value was then determined by subtracting the slope of the WT toxin from that of its mutant (ChTX-R25D or KTX-R24D) and dividing the value by 2 (absolute change in charge on the toxin). For these calculations, we assumed the dielectric constant to be 80 and a pK for the histidine of 6.2 (also see Creighton, 1984) . We calculated the value of OpH/aqh,s at pH 6.4, the midpoint of our experimental curve (see Results) . Thermodynamic Mutant Cycle Analysis Hidalgo and MacKinnon (1995) For the R25:H404 and R24:H404 interactions, WT and mutant Kv1.3 K~s were measured at pH 6.8 and 6.0.
The difference in free energy of an interaction between specific residues in WT/WT versus mutant/mutant interactions is given by equation 4, which converts values into coupling energies:
Assuming bulk water parameters and using Debye-Huckle theory, we used coupling energies to estimate charge-pair separation by solving the following equation for r: a(r, q~, q=, Xo) = qlq2e2exp (-r/;%) (5) 4~soD~,r where q, is the change in charge on the channel between mutant and WT, q2 is the change in charge on the toxin between mutant and WT, D is the dielectric constant (taken as 80), ~o is the permitivity of free space, y is a distance-dependent geometrical factor described above (taken as 0.8), and XD is the Debye length.
Modeling Structures
Modeling NTX
To create a model of NTX, we used our experimentally determined structure for MgTX and made the following substitutions: L14S, P15K, A19E, Q2OL, F21Y, Q23S, P38N, and H39N. The resulting model of NTX was minimized in SYBYL 6.1 (Tripos Inc., St. Louis, MO) using Kollman force field and charges.
Modeling the Kvl.3 Pore
To create a model of the Kv1.3 pore, F425, K427, T449, G452, F453, and W454 in the model of the Shaker channel (Guy and Durell, 1994) were mutated to G380, N382, H404, T407, 1408, and G409, respectively. Assuming perfect 4-fold symmetry, the distances we experimentally estimated between residues G380, D386, and H404 (see Results) were included as constraints during minimization of the channel with SYBYL.
